Cytokinins (CKs) are pivotal plant hormones that have crucial roles in plant growth and development. However, their isolation and quantification are usually challenging because of their extremely low levels in plant tissues (pmol g À1 fresh weight). We have developed a simple microscale magnetic immunoaffinity-based method for selective one-step isolation of CKs from very small amounts of plant tissue (less than 0.1 mg fresh weight). The capacity of the immunosorbent and the effect of the complex plant matrix on the yield of the rapid one-step purification were tested using a wide range of CK concentrations. The total recovery range of the new microscale isolation procedure was found to be 30-80% depending on individual CKs. Immunoaffinity extraction using group-specific monoclonal CK antibodies immobilized onto magnetic microparticles was combined with a highly sensitive ultrafast mass spectrometry-based method with a detection limit close to one attomole. This combined approach allowed metabolic profiling of a wide range of naturally occurring CKs (bases, ribosides and N 9 -glucosides) in 1.0-mm sections of the Arabidopsis thaliana root meristematic zone. The magnetic immunoaffinity separation method was shown to be a simple and extremely fast procedure requiring minimal amounts of plant tissue.
INTRODUCTION
The cytokinin (CK) plant hormones are organic compounds that are effective at very low concentrations (pmol g À1 fresh weight, FW) and play essential roles during plant growth and development. They promote cell division in the presence of auxin, inhibit apical dominance, slow down aging of plant tissues, increase resistance to stress and stimulate photosynthesis (Miller et al., 1955; Mok and Mok, 2001; Kam ınek, 2015) . They are defined as N 6 -substituted derivatives of adenine, and can be divided into isoprenoid and aromatic CKs according to the character of their side chain. A great variety of metabolites occur in both groups, for example free bases, ribosides, nucleotides, O-and N-glucosides. The free bases and ribosides exhibit high biological activity, whereas other derivatives are either totally ineffective (N-glucosides) or temporarily ineffective (O-glucosides), and serve as storage forms (Werner and Schm€ ulling, 2009 ). The biological activity of CKs also depends on the length of their side chain, the presence of a double bond (which increases biological activity), position-specific hydroxylation or methylation of the side chains and their spatial configuration. The transisomers generally exhibit higher biological activity than cis-isomers (Strnad, 1997; Mok and Mok, 2001 ). However, Gajdo sov a et al. (2011) and Kudo et al. (2012) recently published new findings of the phylogenetic and ontogenetic distribution, biological activities and metabolism of cis-zeatin in plants and reopened discussions about its physiological role. Analytical methods in CK research require effective cleaning procedures combined with selective and sensitive detection. The extremely low concentrations of CKs in plant tissues and the complex multi-component plant matrix make the determination of CK metabolite levels in plant samples particularly challenging. However, recent improvements in analytical methods, such as mass spectrometry (MS), now enable CKs to be identified and quantified in milligram quantities of plant tissue . During the last 15 years, many sample pre-treatment techniques have been employed for the isolation of CKs from plant tissues, such as solid phase extraction (SPE) (Dobrev and Kam ınek, 2002; Kojima et al., 2009; Farrow and Emery, 2012) , solid-phase microextraction (lSPE) (Sva cinov a et al., 2012), immunoaffinity chromatography (IAC) (Nov ak et al., 2003 (Nov ak et al., , 2008 Hauserov a et al., 2005; Liang et al., 2012) , polymer monolith microextraction (Liu et al., 2010) , monolithic molecularly imprinted-SPE (Du et al., 2012) and hydrophilic interaction chromatography-SPE (Cai et al., 2013) . However, the conventional purification procedures are timeconsuming and relatively complicated, normally requiring a combination of two or more SPE steps using hydrophobic, cation exchange and/or mixed-mode sorbents.
Recently, magnetic solid phase extraction (MSPE) was developed ( Safa r ıkov a and Safa r ık, 1999) and successfully used for the enrichment and purification of a phytohormone (Zhang et al., 2010a,b) as well as analysis of CKs in 50-200 mg FW of Oryza sativa roots, leaves and Arabidopsis seedlings Cai et al., 2014 Cai et al., , 2015 . This powerful technique employs magnetic or magnetisable adsorbents with high adsorption ability. The magnetic adsorbent is first uniformly dispersed in a sample solution or suspension containing the target analyte. The magnetic material with adsorbed analyte is then easily isolated from the sample matrix using an appropriate magnetic separator. MSPE, as well as magnetic stir-bar sorptive extraction and other similar extraction procedures, has been shown to be a useful approach for, for example, the pre-concentration of xenobiotics from large volumes of samples (Safarik et al., 2012) . In addition, magnetic materials and techniques have been successfully applied in other bioanalytical and environmental analytical applications. For instance, immunomagnetic assays have been used for the determination and detection of different types of xenobiotics, viruses, microbial pathogens and protozoan parasites in water samples in environmental analytics, as well as in food and clinical microbiology (Safarik et al., 2012) . Detection of xenobiotics employs immobilized enzymes on magnetic carriers, which are able to react with high specificity and sensitivity towards their inhibitors (Safarik et al., 2012) . Magnetic techniques have also been used in many biotechnological and biomedical applications for purification from raw samples without the need for previous pretreatment, for example for the isolation and purification of proteins and peptides (Safarik and Safarikova, 2004) and isolation of cells ( Safa r ık and Safa r ıkov a, 1999). A common feature of these magnetic methods is that they are significantly simpler than classical procedures.
In the present study, we developed a micromagnetic immunoaffinity extraction (lMIAE) process based on CK monoclonal antibodies immobilized on magnetic microparticles (MPs). Subsequently, a one-step purification method was paired with highly sensitive ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) analysis. Over 4.0 min, ultrafast separation of isoprenoid (trans/cis-zeatin, dihydrozeatin, N 6 -isopentenyladenine groups) and aromatic (6-benzyladenine, meta/ ortho/para-topolin groups) CKs was achieved. Importantly, the developed method was shown to be the most sensitive method described to date for non-derivatized CK metabolites, with limits of detection close to 1 attomole (1 amol). Finally, we demonstrated the versatility of this method by employing it for CK profiling in samples of 10-day-old Arabidopsis thaliana whole seedlings down to 1.0-mm samples of the apical part of Arabidopsis roots. To the best of our knowledge, this is the first application of lMIAE for the analysis of plant hormones in a few micrograms of plant tissue.
RESULTS AND DISCUSSION

Preparation of micromagnetic immunoaffinity sorbents
Cytokinin monoclonal antibodies raised against trans-zeatin riboside (tZR) via hybridoma technology have previously been used for the preparation of immunoaffinity gels, as described in Nov ak et al. (2003 Nov ak et al. ( , 2008 . In the lMIAE approach presented here, we investigated use of magnetic cellulose beads (MCBs) and magnetic chitosan microparticles (MCHs) as solid biopolymer matrices for binding the antibodies. Cellulose, which is widely used in protein separation methods (columns or chromatographic membranes), and also as a biomolecule carrier owing to its high content of hydroxyl groups, was employed for the encapsulation of magnetic nanoparticles to generate micrometre-sized MCBs (Figure 1b) . The main advantages of cellulose are its hydrophilicity and biocompatibility. The resulting MCBs were then conjugated with the above-mentioned antibodies. A reductive amination method was used to immobilize the antibodies on MCBs with free carbonyl groups (CHO) (prepared via periodate oxidation). The initial reaction generated a weak, reversible Schiff base linkage and was followed by reduction with sodium borohydride to form a stable, irreversible secondary amine bond. Monoclonal antibodies were then immobilized on the surface of activated MCBs. The standard carbodiimide active ester method (Pei et al., 2010) was used for the conjugation of antibodies to carboxyl functionalized MCBs (COOH) (prepared via chloracetic acid oxidation).
Chitosan matrix is biocompatible, hydrophilic and contains functional groups suitable for various chemical modifications and immobilization of biologically active compounds (Pospiskova and Safarik, 2013) . A one-step glutaraldehyde procedure (Bayer and Wilchek, 1980 ) was applied for cross-linking and activation of magnetic chitosan particles to generate aldehyde groups suitable for the covalent immobilization of antibodies. Two types of particles were synthesized (Pospiskova and Safarik, 2013) , namely magnetic chitosan microparticles with entrapped magnetite microparticles (CHIT1) and magnetic chitosan microparticles prepared by a microwave-assisted procedure (CHIT2) (Figure 1a ). Both types of magnetic chitosan particles can be prepared using simple procedures suitable for the laboratory, yielding large amounts of mechanically stable magnetic particles with a rapid response to external magnetic fields.
Development of micromagnetic immunoaffinity separation
To improve the simplicity, sensitivity and rapidity of the lMIAE approach, we adapted the micropurification method to develop a simple, one-step isolation and purification procedure for detecting active CKs from minute amounts of fresh plant tissues. Initially, an appropriate extraction solvent (modified Bieleski buffer) was selected to extract CK analytes from the target tissues (Hoyerov a et al., 2006) . However, the high concentration of the organic phase in the extraction solvent negatively affected the efficiency of the MPs. Therefore, the extraction conditions were optimized by using 10% cold methanol as an extraction solution. As shown in Figure 2a ,b, this had a positive effect on the efficiency of isolating CK metabolites by lMIAE. The results obtained were in good agreement with the extraction efficiency of Fe 3 O 4 and Fe 3 O 4 ÁSiO 2 nanoparticles toward CKs published previously by Cai et al. (2014) . However, extraction conditions using 10% methanol are much less likely to denature proteins involved in CK binding or metabolism. While the low temperature (0-4°C) of the whole procedure may be sufficient to limit CK interconversion or hydrolysis of CK conjugates to active CK bases (see Table S1 in the Supporting Information), the loss of CKs to intact CK-binding proteins is controlled by stable-isotopelabelled internal standards added before homogenization ( Figure S1 ). In this experiment, the extent of variation between the lMIAE method and previously published SPE protocols using Bieleski's solvents to validate the change in extraction conditions was also tested. The isotope dilution method (Rittenberg and Foster, 1940) was successfully used to correct for losses of CK metabolites during the sample preparation process, in good agreement with the previously published extraction and purification procedures (see Table S1 and Figure S1 ) (Nov ak et al., 2008; Sva cinov a et al., 2012) .
The magnetic immunosorbents tested also had a positive effect on the recovery of CKs (Figure 2 ), as confirmed by calculating the total percentage recovery in different sample fractions: flow through, wash and elution. As shown in Figure 2c , the average recoveries of CK metabolites in the elution fraction ranged from 50 to 61%, confirming the high process efficiency of the lMIAE procedure using MCHs (CHIT1 and CHIT2) and MCBs with free carbonyl groups (CHO). Also, the observed retention of all analytes (CK bases, ribosides and N 9 -glucosides) highlights the high selectivity of CK antibodies immobilized on the magnetic sorbents. However, MCBs with free carboxyl groups (COOH) were the only sorbents that displayed very low process efficiencies (Figure 2a, b) owing to losses of CK metabolites of 48 and 32% during the flow through and washing steps, respectively ( Figure 2c ). The reason for such low recoveries was probably an insufficient amount of free carboxyl groups for antibody conjugation. According to the protocol used, particles with carboxyl groups should contain only 20 lmol of functional groups per millilitre of particles (Villems and Toomik, 1993) . Another important property of immunoaffinity sorbents is their capacity, which is defined as the maximum amount of the target analyte(s) bound to a defined immunosorbent volume or mass (Hennion and Pichon, 2003) . The capacity of the MCH and CHO MCB immunosorbents was tested using a mixture of 0.1 and 1 pmol CK bases and ribosides (Figure 3a, b) . The average recoveries of the lMIAE step based on the immunosorbents CHIT1, CHIT2 and CHO were found to be 52 AE 19, 48 AE 19 and 51 AE 18%, respectively. Both types of MCHs showed very similar binding capacities to the analysed CKs ( Figure 3 ). However, unexpected losses of the CHO immunosorbent occurred after the second and subsequent purification cycles. This may have been caused by a high degree of oxidation during modification of the cellulose surface, leading to degradation of the cellulose shell and adherence of material to the surface of the pipette tips. This disadvantage hampered repeated use of the CHO sorbents for isolating the CK analytes from plant material. Therefore, the dynamic binding capacities of 24 CK standards with quantities in the 0.01-10.0 pmol range were determined only for the chitosan-based MPs (Figure 3c ,d). Our findings were in accordance with previously published capacities of a batch immunoextraction using similar generic monoclonal CK antibodies (Nov ak et al., 2008) . The recoveries were high (>50%) for ortho-and meta-topolin (oT and mT) derivatives, intermediate for trans-and cis-zeatin (tZ and cZ) type CKs and lowest (15-30%) for other CKs, including all N 6 -isopentenyladenine (iP) and 6-benzyladenine (BA) metabolites. In summary, at all concentrations tested, the immunosorbent capacity was sufficient for the fast, simple, highly selective and sensitive co-purification of free bases, ribosides and N 9 -glucosides of isoprenoid and aromatic CKs (Table S2 ).
The ultrafast and highly sensitive UHPLC-MS/MS method
A one-step purification method was combined with effective separation of CK compounds by using UHPLC (Figure 4) . A mixture of 24 CK standards was separated on a short reversed-phase column (2.1 9 50 mm). The total run time of the procedure, including equilibration, was 5.0 min, representing a two-fold reduction in run time compared with the UHPLC method previously developed in our laboratory (Nov ak et al., 2008) . The system showed high reproducibility during the chromatographic For all experiments, 10-day-old Arabidopsis seedling (5 mg fresh weight) extracts were spiked with 0.1 pmol of CK standards. Recoveries of the added authentic CK standards were then determined from each series of extracts based on the amounts of endogenous compounds, calculated from non-spiked samples, which subsequently served as reference levels. All experiments were performed four times and the error bars represent the standard error.
separations (variation of retention time ranged between 0.05 and 0.32% relative standard deviation, RSD) (Table S3 ). This allowed us to split the chromatographic run into four retention segments (1.2-2.3, 2.25-2.9, 2.85-3.5 and 3.45-4.2 min), which increased the sensitivity of the subsequent electrospray ionisation MS/M S (ESI(+)- (c), (d) Recovery curves for isoprenoid (c) and aromatic (d) cytokinin groups obtained using immunosorbent CHIT1 with bound generic anticytokinin monoclonal antibody. The curves were obtained using mixtures of 24 cytokinin derivatives (groups of trans-zeatin, tZ; cis-zeatin, cZ; N 6 -isopentenyladenine, iP; 6-benzyladenine, BA; ortho-topolin, oT; meta-topolin, mT; para-topolin, pT) with amounts ranging from 0.01 to 10 pmol. Recoveries are expressed as the ratio of the mean peak area of an analyte spiked before extraction to the mean peak area of the same analyte standards multiplied by 100. All experiments were performed four times and the error bars represent the standard error. + ions to appropriate product ions allowed precise quantification of the analysed compounds. The collision energy was optimized for dissociation of the molecular ions into the product ions for each CK. The optimized MS conditions, listed in Table S3 , were used to determine the limit of detection (LOD) based on three times the signal-to-noise ratio. The LOD values were mostly in the range of an injected amount of 5.0-50.0 amol; lower values (1.0 amol) were found for ciszeatin-N 9 -glucoside (cZ9G) and para-topolin (pT) CKs. The limit of quantification (LOQ), defined as a signal-to-noise ratio of 10:1, was determined for each analyte as the lowest concentration point on the calibration range (Table S3) . Furthermore, using log-transformation, the response was found to be linear up to 1 pmol with correlation coefficients greater than 0.998, which could allow analysis of a wide range of CK concentrations in plant samples. After optimizing the separation and MS conditions, both parts of the analytical method (isolation and quantification) were further validated.
Validation of micromagnetic immunoaffinity extraction
The standard isotope dilution method (Rittenberg and Foster, 1940 ) was used to estimate the concentration of endogenous compounds from a complex multi-component plant matrix, and gave quantitative results having a high accuracy and precision. However, members of the isoprenoid and aromatic CK groups showed different binding capacities for the immunosorbent CHIT1 (Figure 3c,d ). This limitation was overcome by using appropriate stable-isotope-labelled standards for each CK metabolite. The lMIAE procedure was therefore validated for 12 isoprenoid CKs and 12 aromatic CKs using 22 isotopically substituted internal standards. First, we determined the precision and accuracy of the whole procedure using a mixture of 10 or 100 fmol of CK standards (isotopically substituted and non-substituted). Analysis of the spiked samples (n = 5) showed good agreement between actual and expected values ( Table 1 ). The precision of the method (expressed as RSD) ranged from 1.9 to 16.4% RSD and 1.4 to 12.9% RSD for 10 and 100 fmol, respectively. The method accuracy (expressed as percentage bias) was in the range À2.3 to 3.0% for 10 fmol. Values are means AE SD (n = 5); n.c., not calculated. RSD, relative standard deviation; tZ, trans-zeatin; tZR, tZ riboside; tZ9G, tZ N 9 -glucoside; similarly cZ, cis-zeatin; DHZ, dihydrozeatin; iP, N 6 -isopentenyladenine; BA, 6-benzyladenine; oT, ortho-topolin; mT, meta-topolin; pT, para-topolin. showed a similar distribution of CK metabolites (Figure S2) .
To validate the limits of our methodology applied to biological samples, we tested different plant extracts prepared from 5, 10 and 20 mg FW of Arabidopsis seedlings (Table 2) . Recently, a new type of MP based on a magnetic perhydroxy-cucurbit[8]uril material with good adsorption capacity to CKs was prepared and used as a MSPE sorbent for analysis of CKs in 10 g of soybean sprouts and A. thaliana (Zhang et al., 2016) . Our results showed the applicability of immunomagnetic extraction to reduce the quantity of sampled material by up to 1000 times. With the exception of dihydrozeatin (DHZ), 11 isoprenoid CK metabolites were able to be detected and quantified after lMIAE purification from all the samples, regardless of their FW (Table 2 ). The CK profiles of active compounds (CK bases and ribosides) and inactive forms (CK N 9 -glucosides) were in good agreement with previously published data (Nov ak et al., 2008; Sva cinov a et al., 2012). The capacity and specificity of CHIT1 was sufficient; non-significant variations were observed in the estimated levels of the analytes, which were on average 2.0(AE0.1)-fold and 3.9(AE0.5)-fold higher for 10 and 20 mg samples, respectively, compared with 5 mg samples. These results indicate a poor relationship between sample weight and high microextraction capacity of the magnetic-based immunosorbent. In summary, the use of lMIAE significantly reduced the effects of the sample matrix and increased the selectivity and sensitivity of subsequent high-throughput UHPLC-MS/MS analysis.
Microscale isolation of cytokinins from Arabidopsis root apex
To demonstrate the applicability of lMIAE combined with the ultra-high sensitivity of the MS-based method, we performed tissue-specific CK profiling of a few micrograms of Arabidopsis root apex samples (1.0 mm). The dissected root samples (50 pieces and/or 100 pieces) were extracted, purified by lMIAE and the CK content determined by UHPLC-MS/MS in each set, as summarized in Table 2 . These analyses also showed good linearity of the isotope dilution method used (1.9-fold increase in CK levels by doubling the sample size). Nevertheless, considerable differences were observed between the amounts of metabolite in the attomole range calculated per root apex (Figure 5a ). cZR was surprisingly present in very high amounts (>500 amol/root apex), iP showed medium abundance (close to 100 amol/root apex), whereas the other CKs were present in very low amounts (<30 amol/ root apex). Similar trends of accumulation of CKs in specific cell populations within the primary root apex have previously been found in protoplasts isolated by fluorescence-activated cell sorting (Antoniadi et al., 2015) . Even though our results cannot be directly compared with levels of intracellular CKs and more spatially defined root cell populations, the high cZR levels are in broad agreement. In fact cZ CKs have been found to be the predominant form in many experiments, for example in developing seeds of three chickpea cultivars (Emery et al., 1998) , all tissues of maize (Veach et al., 2003) , flag leaves of rice (Kojima et al., 2009 ) and pea embryogenesis (Quesnelle and Emery, 2007) . Recently, a comprehensive screen of land plants suggested that cZ-type CKs occur ubiquitously in the plant kingdom and their abundance might correlate with a life strategy (Gajdo sov a et al., 2011). Our findings also showed that the different CK types (tZ, cZ, DHZ and iP) are differently distributed in whole Arabidopsis seedlings compared with in the apical root section (Figure 5b) . The tZ-type CKs were enriched in whole plants (mainly tZ-N 9 -glucoside), whereas cZ-type CKs were predominant in the root tips. Moreover, compared with the CK distribution profile in the whole seedlings, a higher proportion of iP (bioactive CK) was found in the root apex. Overall, application of microscale isolation was shown to allow quantification of CKs for sample sizes ranging from nanograms to milligrams. These results demonstrate that the microscale immunopurification step provides a powerful, one-step high-throughput method for CK profiling in minute plant samples, such as root tips, meristems and embryos.
CONCLUDING REMARKS
We have developed a simple method for the highly selective and sensitive recognition of CKs based on micromagnetic immunoaffinity purification. Four different types of immunosorbents (MCBs and MCHs) were prepared and appropriate isolation protocols were optimized. In developing the method we established and validated the application of highly sensitive mass spectrometry to simultaneously profile 24 isoprenoid and aromatic CK metabolites (bases, ribosides and N 9 -glucosides) in small amounts of plant tissue (5-20 mg FW). Finally, one-step micromagnetic immunoaffinity purification in combination with mass were calculated from the sum of the compounds present. Isoprenoid CK metabolites were found as follows: CK bases (tZ, cZ and iP), CK ribosides (tZR, cZR, DHZR and iPR), CK N 9 -glucosides (tZ9G, cZ9G, DHZ9G and iP9G). However, DHZ-types were only detected in the Arabidopsis seedlings. The error bars represent the standard error (n = 8-12) (n.d., not detected). spectrometry measurements was successfully used for quantification of CKs in Arabidopsis root apices (1.0 mm), confirming that the improved approach is suitable for miniaturized tissue-specific phytohormone profiling. This approach enables the detailed and direct study of the physiological roles, metabolism and modes of action of various CK derivatives in specific plant organs and organ systems. Furthermore, lMIAE can also be tested (after some optimizations) for other phytohormones, depending on the affinity and capacity of the selected antibodies.
EXPERIMENTAL PROCEDURES Biological material
Arabidopsis thaliana (ecotype Colombia) plants were grown in vitro in Petri dishes containing Murashige and Skoog medium including vitamins (4.4 g MS medium, 10 g of sucrose, 10 g of plant agarÁL À1 , pH 5.7) at 23°C under a 16-h photoperiod. Tenday-old seedlings were harvested, weighed, immediately plunged into liquid nitrogen and stored at À70°C until analysis. The apical part of the roots of 10-day-old A. thaliana seedlings (root length about 1.0 mm) was collected, weighed and immediately extracted.
Reagents and materials
Authentic and deuterium-labelled CK standards were obtained from Olchemim (http://www.olchemim.cz/). Methanol (gradient grade), formic acid and ammonium hydroxide were purchased from Merck Millipore (http://www.merckmillipore.com/) chloroform, acetic acid, a-cellulose (powder), urea, SPAN 80, sodium periodate, sodium azide, glutaraldehyde and magnetite (iron(II,III) oxide, nominal particle size <5 lm) were from Sigma-Aldrich (http://www.sigmaaldrich.com/); sodium dihydrogenphosphate, iron (II) sulphate heptahydrate and sodium hydroxide were from Lach-Ner (http://www.lach-ner.com/); sodium dodecylsulphate and chitosan (medium molecular weight, 75-85% deacetylated, molecular weight about 400 000) were from Fluka â Analytical (http:// www.sigmaaldrich.com/); and Murashige and Skoog medium was from Duchefa Biochemie (https://www.duchefa-biochemie.com/). PBS buffer contained 7.8 g L À1 NaH 2 PO 4 Á2H 2 O, pH 7.2. Deionized (Milli-Q) water was obtained from a Simplicity 185 system (Merck Millipore). Nanoparticles of a-Fe 2 O 3 (red pigment, Bayferrox â 110) were provided by Bayferrox â (http://www.bayferrox.com/). Paraffin oil was from Fichema (http://www.fichema.cz/). A regular kitchen microwave oven (700 W, 2450 MHz) was obtained locally.
Preparation of magnetic chitosan microparticles
Two different types of magnetic chitosan microparticles (MCHs) were used for the experiments. CHIT1 was prepared by entrapment of commercially available magnetite microparticles into chitosan gel. CHIT2 magnetic iron oxide microparticles were synthesized in a chitosan matrix from ferrous sulphate using microwave irradiation according to the procedures described by Pospiskova and Safarik (2013) . The reaction principle is shown in Figure S3 .
Preparation of magnetic cellulose beads
Ferrimagnetic nanoparticles of Fe 3 O 4 prepared by solid state synthesis were used as a magnetic matrix. These particles were fabricated by thermal reduction of hematite (a-Fe 2 O 3 ) nanoparticles as follows: about 100 g of Bayferrox â 110 was thermally treated at 250°C under hydrogen (1 bar) for 150 min to obtain a black powder exhibiting a very strong response to the magnetic field. Prepared Fe 3 O 4 was stored as a powder under atmospheric conditions.
Magnetic chitosan microparticles were prepared by 'sol-gel' transition according to a method modified from Luo and Zhang (Luo et al., 2009; Luo and Zhang, 2010) . The reaction principle is shown in Figure S3 . Cellulose (0.8 g) was dissolved in 20 ml of NaOH:urea:H 2 O solution (7:12:81 by weight, pre-cooled to À12°C) by vigorous stirring, 0.4 g of Fe 3 O 4 was added and the mixture was intensively dispersed by ultrasonic homogenization (Bandelin SONOPULS, http://bandelin.com/). This resulting suspension was added dropwise into a solution of paraffin oil (160 g) and SPAN 80 (5.4 or 16 g) within 1 h, assisted by intensive mechanical stirring. The suspension was kept under the same conditions for the next 5 h. Afterwards, regenerated cellulose beads were formed by adding a few drops of concentrated sulphuric acid to neutralize the basic pH of the suspension. The MCBs formed were separated from the mixture by a magnet and repetitively washed with acetone and water to remove any residual paraffin oil.
Modification of MCBs to generate free carbonyl groups. The prepared MCBs were treated with sodium metaperiodate to yield 2,3-dialdehyde cellulose. Briefly, 0.66 g of sodium metaperiodate (3.08 mmol, 0.8:1 to cellulose units) was slowly added to 7 ml of sedimented MCBs in 43 ml of water. The mixture was mechanically stirred in the dark at room temperature (23°C) for the next 3 h and particles were repeatedly washed with water.
Modification of MCBs to generate free carboxyl groups. Magnetic chitosan microparticles (10 ml, suction dried) were stirred with 8.4 ml of 10 M NaOH solution in an ice bath. Afterwards, 0.75 g of chloracetic acid was added to the mixture and the temperature was raised to 70°C. After 1 h of mixing, the particles were repeatedly washed with water.
Antibody immobilization on MCHs (CHIT1 and CHIT2)
In this method of immobilization, glutaraldehyde was used to activate the MCHs (Pospiskova and Safarik, 2013) . Briefly, 600 mg of MCHs (wet weight) was repeatedly washed with re-distilled water, then reacted with 2 ml of 5% (v/v) glutaraldehyde solution and shaken for 3 h at room temperature. The resulting particles were magnetically separated, glutaraldehyde solution was washed out and the particles were repeatedly washed with re-distilled water and PBS buffer (25 mM NaH 2 PO 4 , pH 7.2). Thirty milligrams of monoclonal CK antibodies was dissolved in 2.5 ml of PBS buffer and mixed with the activated MCHs (for 90 min at room temperature). Finally, unbound antibodies were removed and the MCHs were washed twice with PBS buffer.
Antibody immobilization on MCBs with free carbonyl groups (CHO)
Monoclonal CK antibody (30 mg) was dissolved in 2.5 ml of 0.01 M borate buffer, pH 9.4. Three hundred milligrams of MCBs with free carbonyl groups was added in aliquots to the antibody solutions. The mixture was then stirred at room temperature for 12 h. To reduce intermediate amines, 7.5 mg of sodium borohydride was added to the solution and the mixture was stirred for 1 h. Finally, the CHO immunosorbents were magnetically separated and washed with re-distilled water and PBS buffer. ]pT9G, is described elsewhere (Bu cek et al., in preparation). The extracts were stirred for 30 min at 4°C and then centrifuged (15 min, 23 000 g at 4°C). Afterwards, 200 ll of the supernatant was transferred to 1.5-ml microcentrifuge tubes and mixed with appropriate amounts of magnetic microparticles with immobilized antibodies (200 mg of CHIT1/ CHIT2 or 100 mg of CHO/COOH in PBS buffer, wet weight). Samples were shaken at laboratory temperature for 60 min using an automatic rotator (BIO RS-24, Biosan Latvia, https://www.biosan. lv/). Subsequently, the microcentrifuge tubes containing the samples were placed on a magnetic separator and the magnetic particles were completely separated by applying an external magnetic field (for 30 sec). Thus, magnetic separation enabled easy removal of the supernatant. The magnetic microparticles with bonded CKs were then washed with PBS buffer and water (500 ll, twice for each solvent) and the retained CKs were eluted twice with 100 ll of ice cold methanol (À20°C). The microcentrifuge tubes were left on the magnetic separator for 1 min prior to collecting the eluate. Purified samples were evaporated to dryness in a Speed-Vac concentrator. After elution, the antibodies were regenerated by using the following sequence of washes: 500 ll of water, 500 ll of MeOH, 500 ll of water, 500 ll of PBS buffer. Regenerated antibodies were stored in PBS buffer with addition of 0.02% NaN 3 at 4°C.
The capacity of the immunosorbents was tested using standard solutions containing CK standards in 100 ll of PBS. These samples were treated in the same way as the plant samples after addition of magnetic particles with antibodies in 100 ll of PBS.
To validate the final lMIAE protocol, plant tissue extracts were also purified according to the protocol combining cation exchange and immunoaffinity chromatography (Nov ak et al., 2008) or on intip lSPE columns packed with Empore ™ High Performance Extraction Disks (three layers of each sorbent type C18, SDB-RPS and Cation-SR) as described by Sva cinov a et al. (2012) .
The UHPLC-ESI(+)-MS/MS method
An Acquity UPLC â I-Class System (Waters, http://www.waters. com/), including a Binary solvent manager and Sample manager, was linked to a Xevo ™ TQ-S MS triple quadrupole mass spectrometer (Waters MS Technologies, http://www.waters.com/) equipped with an electrospray interface (ESI). This combined technique was used for analysis of non-labelled and stableisotope-labelled CKs. Briefly, the samples were injected onto a reversed-phase column (Acquity UPLC â BEH C18, 1.7 lm, 2.1 9 50 mm; temperature 40°C) and eluted with a linear gradient (0-0.5 min, 10% B; 0.5-3.8 min, 10-43% B; 3.8-3.9 min, 43-100% B; 3.9-4.1 min, 100-10% B; 4.1-5.0 min, 10% B) of 15 mM ammonium formate (pH 4.0, A) and MeOH (B) at a flow-rate of 0.5 ml min Table S3 . Calibration curves covering the range from 1 amol to 1 pmol were constructed using serial dilutions of authentic standards and known concentrations of appropriate internal labelled standards. The amounts of the CK metabolites were calculated by the isotopic dilution method according to the known quantity of internal standard added during the extraction step. All MS data were processed by MassLynx ™ software with TargetLynx ™ programs (version 4.2., Waters).
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